Abstract: A novel design of polarization-independent surface plasmon multiplexerdemultiplexer (MUX/DEMUX) based on dual-core photonic crystal fiber with a central gold wire is proposed and analyzed. The cladding air holes are infiltrated with a nematic liquid crystal of type E7 with rotation angle ', and the background material is a soft glass of type SF57 (lead silica). The simulation results are obtained using full-vectorial finitedifference method and coupled mode theory. At ' ¼ 90 , the suggested MUX/DEMUX has a short device length of 953.254 m for x-polarized modes with broad bandwidths of 235 and 175 nm around wavelengths of 1.3 and 1.55 m, respectively, with low crosstalk better than −20 dB. For y-polarized modes, the reported MUX/DEMUX has short device length of 1322.86 m with broad bandwidths of 193 and 170 nm around 1.3 and 1.55 m, respectively. Moreover, the polarization independence is achieved with short device lengths of 1138.06 and 1180 m at ' ¼ 90 and 0°, respectively.
Introduction
Photonic crystal fibers (PCFs) [1] , [2] have become one of the most important topics for recent investigations. PCF can be endlessly single mode and can be tailored to achieve nearly zero and flat dispersion over a wide wavelength range. Such unique characteristics of PCFs have sparked growing interest in their use in many fields, from theory to applications. PCFs are usually formed by a defect region surrounded by microstructured air hole cladding. The mode field can be confined in solid core defect by modified total internal reflection between high refractive index core and low refractive index cladding region. Additionally, the light can be confined in a low index core by the photonic bandgap guidance. The polarization effect through PCFs can be investigated by filling the cladding air holes with liquid crystal (LC) [3] , [4] or metal [5] .
PCFs filled with metallic nanowires have been successfully fabricated by blocking selected holes of PCF and filling them with liquid gold [6] . Additionally, direct drawing fiber from a gold filled fused-silica cane [7] can be used for filling PCFs with metallic nanowires. Surface waves supported by metal-dielectric interface, known as surface plasmons (SPs) which are transformed to surface plasmon polaritons (SPPs) when they are coupled to externally applied electromagnetic waves, have attracted a lot of interest in recent years [8] . The PCF, as the dielectric medium, guides the core modes and the metal wire guides the SPP modes. In the metal-filled PCF, at certain resonant wavelength, the guided core modes and the SPP modes can be phase matched. In this case, the surface plasmon resonance (SPR) is achieved, which implies potential applications in fiber based photonic devices. A new approach that uses SPR technology as an optical method has been demonstrated recently in optical sensing [9] , [10] , optical imaging [11] , [12] , and polarization beam splitters [13] , [14] .
The wavelength division multiplexer-demultiplexer (MUX/DEMUX) is of great application value in optical communication systems, since it allows the wavelength multiplexing of 1.3 m and 1.55 m bands. This can be used in carrying different data type which increases the transmitted data rate through the optical communication systems. Many studies have been reported in using dual core PCF (DC-PCF) as an optical fiber coupler [15] , [16] . In this regard, DC-PCF MUX/ DEMUX has been reported [17] with significantly short device length and more design flexibility compared to conventional optical fiber coupler. Due to these advantages, several researchers [15] - [20] have investigated the coupling characteristics of the DC-PCF couplers. In addition, a polarization independent splitter based on highly birefringent DC-PCF is proposed by Florous et al. [21] . Moreover, polarization independent splitter based on index guiding all silica based PCF has been introduced by Chen and Zhou [20] . On the other hand, the coupling length of the DC-PCF is strongly dependent on the fiber structure and is still generally long (several millimeters).
This can cause problems in many communication applications such as intermodal dispersion in signal pulse transmission [22] . It is therefore no wonder that much effort has recently been devoted to the development of surface-plasmon-based multiplexers [23] . However, polarization-independent MUX-DEMUX based on surface plasmon LC-PCF has not been introduced in the literature. Therefore, this paper is introduced due to the importance of polarization-independent device in many applications. In this study, for the first time, a novel polarization independent surface plasmon liquid crystal photonic crystal MUX/DEMUX is presented and analyzed. The numerical simulation of the suggested structure is obtained using full vectorial modal solver relying on the finite difference method (FDM) [24] and the coupled mode theory (CMT) [5] , [25] , [26] . The FDM is a powerful tool which can be used in the modal analysis of different kinds of geometry with high accuracy. Besides, the CMT is applied as a simple mathematical approach that yields an accurate dispersion curves and field patterns for the composite modes and hence the power exchange between the waveguides. The proposed MUX/DEMUX is based on DC LC-PCF with central gold wire and nematic liquid crystal (NLC) of type E7 in the cladding holes. In addition, the background material of the reported MUX-DEMUX is a soft glass of type SF57 (lead silica). The ordinary n o and extraordinary n e refractive indices of the E7 material are smaller than that of the SF57 material, which guarantees the index guiding through the core region of the NLC-PCF coupler. Moreover, the infiltration of the NLC increases the birefringence between the two fundamental polarized modes in the proposed design. Further, the SPR can improve the device performance with compact design and easy fabrication process. These features will demonstrate the advantages of the new MUX/DEMUX in complex communication devices. Many studies have been done recently which are mainly focused on the polarization characteristics of fiber waveguides filled with metal [27] , [28] . As a new device, the proposed MUX/DEMUX can separate the 1. and 0°, respectively. Following this introduction, the design considerations and numerical approaches of the proposed MUX/DEMUX is given in Section 2. The numerical results are presented in Section 3. Finally, the conclusion is drawn in Section 4. , where ' is the rotation angle of the director of the NLC. It is worth noting that direction of the NLC director can be efficiently controlled using a static electric field. This is due to the good alignment of the NLC molecules according to the applied field. This can be experimentally achieved as described by Haakestad et al. [30] and Zografopoulos et al. [31] . The n o and n e of E7 material can be calculated using the following Cauchy models [29] :
Design Considerations and Numerical Approaches
where A e , B e , C e , A o , B o , and C o are the Cauchy coefficients that can be found at different temperatures in [32] . The Sellmeier equation of the soft glass of type SF57 is taken from [29] . However, the relative permittivity of the gold in the visible and near IR-region is expressed in [33] . The effective index of the NLC microstructured cladding at any wavelength is smaller than that of the soft glass background material. Therefore, the field is well confined in the core region due to the index contrast between the core and cladding regions. In this study, the effective indices of the core guided modes and surface plasmon modes are calculated using the full vectorial finite difference method (FVFDM) [24] with perfect matched layer boundary conditions. Additionally, the propagation through the axial direction of the proposed MUX/DEMUX is calculated by the CMT [5] , [34] . The shortest length L c , where the maximum power transfer from one core to the other core occurs, is defined as the coupling length and can be expressed as
where e , o are the propagation constants of the even and odd modes, respectively. 
Numerical Results
The wavelength dependent effective indices and confinement losses of the even and odd modes of the x-and y-polarization states are shown in Figs 
where Im ðn eff Þ is the imaginary part of the complex effective index of the guided mode. . It is worth noting that the proposed design supports only one fundamental SP mode ðSP 0 Þ. Therefore, the effective indices of the SP 0 shown in Fig. 2 (a) and (b) are exactly the same. However, the differences between the effective indices of the x-and y-polarized SP modes, SP 1 , and SP 2 are of order ð10 À6 $ 10 À4 Þ along the studied wavelength range. On the other hand, the differences between the effective indices of the x-and y-polarized states of the even and odd dual core modes are of order ð10 À4 $ 10 À3 Þ. This is due to the overlap of the even and odd dual core modes with the infiltrated birefringent NLC cladding region, as shown in the field plot of Fig. 2 .
To demonstrate the effect of the NLC infiltration, the proposed design with central gold wire but without NLC infiltration has been studied. The numerical results show that there is no effect of the NLC filling on the differences between the effective indices of the x-and y-polarized SP modes. This is due to the well confinement of the SP modes around the gold rod away from the NLC cladding microstructure. However, the differences between the effective indices of the x-and y-polarized states of the even and odd dual core modes are of lower order of ð10 À5 $ 10 À4 Þ than order of ð10 À4 $ 10 À3 Þ of the reported design with the NLC infiltration along the studied wavelength range. This means that the infiltration of the NLC increases the birefringence between x-and y-polarized dual core modes.
According to the attenuation loss behavior in Fig. 3 , it is noted that the even and odd modes exhibit quite dissimilar losses at the resonant wavelength. As shown from this figure, the coupling between the odd modes of the two polarized modes at ' ¼ 0 and 90°and SP 2 mode is strong at the resonance wavelength of 1 m. At ' ¼ 90 , loss peaks of 498.63 and 738.79 dB/cm are achieved for the x-and y-polarized odd modes, respectively. However, at ' ¼ 0 , losses of 727.39 and 470.57 dB/cm are obtained at r ¼ 1 m. However, the coupling between the two polarized even modes and the SP 2 is weak as shown in Fig. 3 . It is also noted that there is no phase matching between the odd modes with the other SP modes in the wavelength region of interest, as shown in Fig. 2 .
The variation of the coupling length of the designed MUX/DEMUX for x and y-polarized modes with the wavelength is displayed in Fig. 4 at ' ¼ 90 and 0°. As the wavelength increases, the confinement of the modes through the core regions decreases. Therefore, the distance taken by the modes to transform from one core to the other core decreases. Consequently, the coupling length decreases with increasing the wavelength (normal behavior). This can be achieved through the studied wavelength range without using metallic rod. If the central gold rod is used, a strong phase matching between the surface plasmon modes and core guided modes occurs at the resonance wavelength. At this point, the energy of the guided modes in x-and y-polarization states will couple to the surface plasmon modes around the central rod. As a result, the coupling length decreases suddenly to its minimum value at resonance wavelength r ¼ 1 m; as is evident in Fig. 4 . If the wavelength is further increased away from the resonance point, the coupling length should return to its normal behavior with the wavelength variation. Therefore, the coupling length first abruptly increases as an intermediate stage and then decreases by increasing the wavelength, as predicted. The effect of the temperature variation on the coupling characteristics of the proposed design is also studied. In this investigation, the Cauchy coefficients of the NLC at different temperatures are taken from [32] . Fig. 5(a) and (b) show the wavelength dependent effective indices of the odd and even modes for x-and y-polarization states at ' ¼ 90 at different temperatures 15°C, 25°C, and 35°C. The corresponding coupling lengths for the two polarized modes are shown in Fig. 5(c) . It is evident from these figures that the temperature has no effect on the effective indices and hence the coupling lengths of the x-polarized modes. At ' ¼ 90 , " r of the E7 material has the diagonal form ½n . Therefore, the x-polarized modes are dependent on n o which has a slight variation with the temperature [32] . However, the y-polarized modes are mainly affected by n e which is more temperature dependent than the n o of the NLC of type E7. Therefore, the y-polarized modes are affected by the temperature change as shown in Fig. 5(b) and (c). As the temperature increases, the n e and hence the cladding effective refractive index seen by the y-polarized modes decrease. Consequently, the effective indices of the y-polarized modes decrease by increasing the temperature from 15°C to 35°C as revealed from Fig. 5(b) . The numerical results also show that the temperature variation has no effect on the effective indices and confinement losses of the surface plasmon modes. This is due to the well confinement of the surface plasmon modes around the gold wire away from the temperature dependent NLC infiltrated cladding region as shown in the field plot of Fig. 2 . Furthermore, the temperature has no effect on the resonance wavelength of the odd modes at r ¼ 1 m. It is worth noting that T. R. Wolinski et al. [35] , [36] have experimentally demonstrated that the temperature can be controlled by using thermo-electric module that can control the temperature in the 10-120°C range with 0.1°C long-term stability and electric field regulation in the 0-1000 V range with frequencies from 50 Hz to 2 KHz.
The ratio between the coupling length at ¼ 1:3 m and 1.55 m for x-and y-polarized modes at different lattice pitch values at ' ¼ 90 and 0°is calculated from (4), shown below, and the results are shown in Fig. 6 P ¼ ðL C1:3 Þ P ðL C1:55 Þ P
where P denotes x-or y-polarization state. Fig. 6 shows the variation between the ratio and the lattice constant for the two polarized modes at ' ¼ 90 and 0°. As the hole pitch increases, the modes will be more confined in the high index solid core regions. Therefore, the modes will take longer distance to transfer from the first core to the other one. Consequently, the coupling length increases by increasing the hole pitch. In order to separate the two wavelengths 1.3 m and 1.55 m at the output of the designed MUX/DEMUX, the coupling length at ¼ 1:3 m should be a multiple integer of the coupling length at ¼ 1:55 m. To achieve the shortest device length, the value of P should equal to 2. The results obtained from Figs. 4 and 6 are reported in Table 1 . As can be seen from Table 1 , the suggested structure can be used as a surface plasmon LC PCF MUX/DEMUX for x-polarized modes with device length as short as 953.254 m and 1251.69 m at ' equals to 90°and 0°, respectively. In addition, the same function is accomplished for the y-polarized modes with device length of 1322.86 m and 1108. 297 m at ' ¼ 90 and 0°, respectively. Moreover, the polarization independent can be achieved at device length equals to the average of coupling length of the x-and y-polarized modes at ¼ 1:3 m as shown in the last column of Table 1 .
The normalized transmission powers of x-and y-polarized modes as a function of the propagation distance z in the core B of the designed MUX/DEMUX is calculated by the CMT and the obtained results are shown in Fig. 7 at ' ¼ 90 and 0°. The normalized input power launched into core A is not completely transferred to the output core B due to the metal absorption loss. The crosstalk is a measure of the undesired power, or the power of the undesired wavelength, remaining at the output core. It is evident from Fig. 7 
It is found that, at ' ¼ 90 , the proposed MUX/DEMUX has great bandwidths of 235 nm and 193 nm around ¼ 1:3 m for x-and y-polarized modes, respectively. However, at ' ¼ 0 , the ' ¼ 90 and 0°, respectively, the polarization independence multiplexing-demultiplexing is accomplished, as reported in Table 1 .
It is worth noting from the crosstalk values that the proposed MUX/DEMUX has low sensitivity to the fabrication perturbation. The bandwidths of the suggested design are larger than those reported by Florous et al. [18] , [21] Hameed et al. [29] have longer device length of 10.69 and 3.265 mm and smaller bandwidths than the reported design. Moreover, the suggested design has high tunability due to the infiltration of the NLC material.
The fabrication of the suggested MUX/DEMUX can be achieved by the widely used stack and draw technique [1] . During this process, the air holes can be arranged in a triangular lattice with high accuracy. Therefore, the position of the hollow channel that will be infiltrated by the gold can be controlled with high accuracy. The Ti:Sa laser assisted polymer gluing can then be utilized to selectively open or inflate the air holes with diameter down to 500 nm [37] . Then, the hollow channel can be filled by the gold at its melting point by using high pressure. Additionally, the infiltration of the cladding air holes by the NLC has been experimentally performed by using capillary forces as reported by Haakestad et al. [30] . Therefore, the fabrication of the suggested MUX/DEMUX can be fulfilled successfully.
Conclusion
A novel design of polarization independent surface plasmon MUX/DEMUX based on surface plasmon LC DC-PCF is reported and analyzed. Additionally, the effect of the structural geometrical parameters, rotation angle of the director of the NLC and temperature on the performance of the suggested MUX/DEMUX is studied. The infiltration of the NLC increases the birefringence between the two polarized beams. The numerical results show that the proposed design can separate the wavelengths of 1.55 m and 1.3 m with compact length and large bandwidths for the two polarized states. Additionally, polarization independent MUX/DEMUX can be obtained with device length of 1138.059 m and 1179.99 m at ' ¼ 90 , and 0°, respectively.
